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ABSTRACT

Targeting cancer stem cells (CSCs) with immunotherapy may be an effective means to prevent recur-
rences in glioblastoma multiforme (GBM). It is well established that CD133 is expressed in the pop-
ulation of GBM tumor cells representing CSCs. This raises a possibility that CD133 could serve as
a potential target for cytotoxic T cells (CTLs) to target glioblastoma cancer stem cells. Two potential
human leukocyte antigen (HLA)-A*0201-restricted CD133 epitopes, ILSAFSVYV (CD133-405) and YLQ-
WIEFSI (CD133-753), showed strong binding to HLA-A*0201 molecules. In vitro immunogenicity
studies generated peptide-specific CD8+ CTLs from normal donors. Autologous monocyte-derived
dendritic cells pulsed with the CD133-405 or CD133-753 peptides generated CTLs that efficiently rec-
ognized the CD133 epitopes presented in T2 HLA-A*0201 cells and specifically lysed CD133+ HLA-
A*0201+ GBM CSCs. These studies demonstrated natural processing and subsequent presentation
of these epitopes in GBM CSCs and the ability of CTLs to kill CSCs bearing the antigen. Immunization
studies in mice using the mouse homolog CD133 epitopes demonstrated immunogenicity in the ab-
sence of autoimmune damage. The results presented in this study support the use of CD133-specific
epitope vaccines to target CSCs in glioblastoma and other cancers. STEM CELLS TRANSLATIONAL
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INTRODUCTION

Complete eradication of tumor masses requires
elimination of cancer stem cells (CSCs), a group
of undifferentiated tumor cells that share many
properties of normal stem cells and repopulate
the tumorby supplyingdifferentiated tumor cells.
In general, CSCs are resistant to standard chemo-
therapy [1, 2] and/or radiotherapy [3], whereas
most ofdifferentiated tumor cells are susceptible.
Eradication of CSCs therefore requires novel and
focused targeting of these cells. Immunotherapy
can be a means of targeting these cancer stem
cells.

Recently, a small population of cells has been
identified in malignant glioblastoma multiforme
(GBM) tumors with properties of CSCs [4], and
vaccination studies using undefined antigens
from these CSCs have shown prolonged survival
in an experimental model of the disease [5]. Since
most brain tumor patients suffer tumor recur-
rence due to resistance to traditional therapy
[6], an immunotherapy-based method could be
used to achieve tumor eradication. This approach
would involve the generation of an immune re-
sponse against the tumor cells by using CSCs anti-
gens that are highly or exclusively expressed in
this population.

A highly expressed GBM CSC antigen is CD133.
CD133belongs toaunique familyof fivetransmem-
braneglycoproteinsand isexpressed inCSCsofava-
riety of human tumors [7], as well as some normal
tissues and stem cells [8–10]. A recent study [11]
suggested a prominent role of CD133 in enhanced
DNA repair and apoptosis, thereby providing resis-
tance to radio and chemotherapy. Another study
[12] indicated that the presence of the CD133 con-
taining lipid microdomains may be necessary to
maintain certain stem cell properties and that their
loss might contribute to differentiation. It is there-
fore possible that the asymmetric distribution of
CD133 during cell division results in equal or un-
equal distribution between nascent daughter cells
playinga role in stemcell renewal and commitment
to differentiation.

Importantly, a recentandcomprehensive study
in human tumor samples has demonstrated that
higher expression of CD133 is associated with tu-
mor regrowth, malignant progression, and lower
survival ingliomapatients [13] and the recurrence
of glioblastoma [14]. In addition, several studies
have recently shown that targeting CD133 results
in significant tumor reductions in animal models
of head and neck cancer [15], hepatocellular
and gastric tumors [16], ovarian cancer [17],
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and sarcoma [18]. Together, this evidence suggests that CD133
represents an ideal candidate to direct the host cellular immune
response to target GBM CSCs.

In the present studywe identified potential CD133 human leu-
kocyte antigen (HLA)-A*0201-restricted class I epitopes and evalu-
ated the potential use and safety of such epitopes for a therapeutic
vaccine against GBM CSCs. HLA-A*0201 is the most prevalent HLA
type in white populations. Our results show for the first time that
CD133-derivedclass I epitopescan inducehuman-specific cytotoxic
CD8+ T cells capable of recognizing and killing CD133 expressing
tumor cells. Furthermore, vaccination studies in humanized HLA-
A*0201 transgenic mice demonstrated that induction of such
immune response did not lead to autoimmunity against nontumori-
genic CD133 expressing cells, further supporting the use of these
epitopes to treat GBM by CD133 targeted immunotherapy.

MATERIALS AND METHODS

Prediction of HLA-A*020101-Restricted CD133 Epitopes
And Peptides

HLA-A*020101-restricted CD133 epitopes were predicted from
the full-length amino acid sequence of human CD133 (GenBank:
GI:5174387) using the Immune Epitope Database (http://www.
immuneepitope.org). Major histocompatibility complex (MHC)
binding and peptide complex stability were determined at ProIm-
mune (Oxford, U.K., http://www.proimmune.com). Binding was
analyzedwith the RevealMHC-peptide binding assay (Reveal Bio-
sciences, San Diego, CA, http://www.revealbio.com). Complex
stability was determined by calculating the percentage of dena-
turation of pentamer-MHC complexes over time.

Peptides

Human CD133-405, CD133-753, and CD133-804 peptides and the
mouse homologs were synthesized (Polypeptide Inc., San Diego,
CA, http://www.polypeptide.com) with both termini free. The
sequences ofhumanCD133peptides are shown inTable1.Mouse
CD133 epitopes CD133-405 (MLLQVSHYL), CD133-753 (YLQWVLYAI),
and CD133-804 (LLLPAVIIA) have predicted binding affinities to
HLA-A*0201 that are equal to those of the human sequences (data
not shown).

Subjects

Peripheral blood mononuclear cells (PBMCs) from HLA-A*0201
healthy donors were obtained from Hemacare Corp. (Van Nuys,
CA, http://www.hemacare.com). Each PBMC sample was assigned
a different code startingwithH for human sample, a number based
onthechronologicalorder inwhichtheywereobtained,andaTorC
based on the laboratory where they were processed and tested
(Cedars-Sinai Medical Center or Torrey Pines Institute for Molecu-
lar Studies). A total of six different donors were included in this
study: H14T, H16T, H17T, H14C, H15C, and H16C.

Generation of Monocyte-Derived DCs From PBMCs

Monocytes were isolated from fresh apheresis obtained from
HLA-A*0201 healthy donors (Hemacare). The unwanted cells
were labeled and magnetically separated using a Monocyte En-
richment Kit (StemCell Technologies, Vancouver, BC, Canada,
http://www.stemcell.com). Enriched monocytes were cultured at
13106cellspermilliliter inCellgro-DCserumfreemedium(CellGenix,
Freiburg, Germany, http://www.cellgenix.com) supplemented with

GM-CSF (1,000 IU/ml)and interleukin (IL)-4 (1,000 IU/ml) (R&DSys-
tems, Minneapolis, MN, http://www.rndsystems.com) in a 75 or
150 cm2 cell culture flask (Fisher Scientific, Pittsburgh, PA, http://
www.fisherscientific.com). On day 6, a maturation cytokine cock-
tail made of monophosphoryl lipid A (2.5 mg/ml) (Sigma-Aldrich,
St. Louis, MO, http://www.sigmaaldrich.com) and interferon-g
(IFN-g) (1,000 IU/ml) (R&DSystems)was added. After an overnight
incubation, cells were harvested and the supernatants were
saved to determine IL-12 (p70) production (enzyme-linked im-
munosorbent assay [ELISA]; BD Pharmingen, San Diego, CA,
http://www.bdbiosciences.com). Adherent DC were harvested
by treatment with a 0.25% trisodium citrate (Sigma-Aldrich) so-
lution for 5 minutes at 37°C. Monocyte-derived dendritic cells
(MoDCs) were characterized by expression of CD86, CD11c,
CD14, and HLA-DR (BD Pharmingen) molecules by fluorescence-
activated cell sorting (FACS) analysis. MoDCs included in all experi-
ments were CD142CD86+CD11c+HLA-DR+.

Generation of Peptide-Specific Cytotoxic T Cells by In
Vitro Stimulation

CD8+ T cells were isolated from frozen apheresis by positive se-
lection using CD8 microbeads and magnetic cell separation col-
umns (Miltenyi Biotec, Auburn, CA, http://www.miltenyibiotec.
com) and incubated with autologous MoDCs. Briefly, MoDCs
were resuspended in cytotoxic T cell (CTL) media (Iscove’s mod-
ified Dulbecco’s medium [IMDM] + 10% HS medium supple-
mented with L-glutamine [2 mM] and 13 nonessential amino
acids) and loaded with peptide (20 mg/ml) for 2 hours at 37°C
and 5% CO2. MoDCs were then either g irradiated at 2,800 rads
or treated with mitomycin C (20 mg/ml for 30 minutes at 37°C).
MoDCs (3 3 104 cells per well) were cocultured with CD8+
T cells (3 3 105 cells per well) in a 96-well plate at 37°C and 5%
CO2 in a final volume of 200 ml of CTL media. Peptide was also
added to the culture at a final concentration of 2mg/ml. After 1
week, cultures were restimulatedwith newly generatedMoDCs
loadedwith 2mg/ml peptide in the presence of 40 IU/ml IL-2 and
20 ng/ml IL-7. The process was repeated on the following week.
On the third or fourth week, IL-2 was replaced with 25 ng/ml
IL-15.

Analysis of CD133-Specific CTL Immunogenicity by
IFN-g ELISA

After 4 weeks of in vitro stimulation, 10,000 CTLs were removed
from each individual well and mixed with an equal number of T2

Table 1. MHC binding of CD133 peptides

Peptide Sequence
Binding (as % of
positive control) Off-rate1/2 (hr)

CD133-405 ILSAFSVYV 175 7.1
CD133-753 YLQWIEFSI 112.7 83
CD133-804 FLLPALIFA 93.6 .120
Int. control 2.656 2.1 16.2
Pos. control 100 6 6.7 55.7

Peptides were assembled with A*0201 and analyzed using the Reveal
MHC-peptide binding assay to determine their level of incorporation into
MHCmolecules. Binding toMHCmoleculeswas comparedwith that of two
known T-cell epitopes: an intermediate control peptide and a positive
control peptide,withweak and very strongbindingproperties, respectively.
Abbreviations: Int. control, intermediate control peptide; MHC, major
histocompatibility complex; Pos. control, positive control peptide.
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cells pulsed with the corresponding specific peptides. Cells were
cocultured in 96-well plates with 200 ml of CTL culture media at
37°C, 5% CO2 overnight. IFN-g production was determined in the
supernatants by a human IFN-g ELISA kit (BD Biosciences, San
Diego, CA, http://www.bdbiosciences.com).

Analysis of CD133-Specific CTL Immunogenicity by
Elispot Assay

Five thousand CTLs from pooled IFN-g ELISA-positive wells were
mixed with 100,000 T2 cells with and without the addition of
10ug/ml of peptides and seeded into 96-well plates. CTLswithout
T2 cells andCTLsplus5mg/mlphytohemagglutinin (PHA)were set
as negative and positive controls, respectively. Cells were cul-
tured at 37°C, 5% CO2 overnight. Results were measured using
the IFN-g Elispot kit (BD Biosciences) following the manufac-
turer’s instructions. Wells were scanned and counted by image
analysis at ZellNet Consulting (Fort Lee, NJ, http://zellnet.com).
Unpaired t test analysis was used to evaluate the significance
of the response between peptide and nonstimulated cultures.

Cytolytic Activity by Chromium Release Assay

Evaluation of the cytolytic activity by 51Cr release was performed
at an effector to target (E:T) ratio of 30:1 (2,000 targets cells per
well) in a 4-hour standard assay. T2 cells (American Type Culture
Collection [ATCC], Manassas, VA, http://www.atcc.org) labeled
with chromium-51 (1 mCi) (MP Biomedicals, Solon, OH, http://
www.mpbio.com) for 1 hour in a 37°C were used as target cells.
The target cells were loaded with peptide and added to the T cell
lines with a final peptide concentration of 10 mg/ml. Wells with
only labeled target cells were used to determine spontaneous
51Cr release. Wells containing 2% Igepal CA-630 (Sigma-Aldrich)
and target cells were used to determine the maximum release.
Each CTL was seeded with T2 cells with or without peptide. After
4 hours at 37°C and 5% CO2 in IMDM + 10% human serum (HS)
75 ml of supernatant was transferred to a plate containing
200 ml of scintillation fluid. Plates were counted using a Trilux
1450 Microbeta counter (PerkinElmer, Waltham, MA, http://
www.perkinelmer.com). The specific percentage of lysis was
calculated as follows: (Experimental release 2 Spontaneous
release)/(Maximum release 2 Spontaneous release) 3 100. The
analysis included both the subtraction of the values obtained in
the absence of peptide from those in the presence of peptide
and the calculation of the fold increase of cytotoxic activity by di-
viding the values in the presence of peptide by the values in the ab-
sence of peptide. Wells that showed fold increases greater than 2
and peptide-specific lysis greater than 10were consideredpositive.

Detection of CD133-Specific CTL by HLA-A*0201/
Peptide Tetramers

Following analysis at a single-well level by IFN-g ELISA or chro-
mium release assay, cells from positive wells were pooled
together and stained with the specific APC-conjugated HLA-
A*0201 tetramer (Beckman Coulter, Brea, CA, http://www.
beckmancoulter.com). Briefly, cells (0.13 106 to 0.53 106) were
stainedwith the tetramer at 5 ng/ml for 20minutes at room tem-
perature, washed once, and stained with anti-human CD8-Pacific
Blue-labeled antibody (BD Biosciences) for 30minutes at 4°C and
analyzed by flow cytometry.

Cytolytic Activity by Caspase 3-Based Killing Assay

Evaluation of the cytolytic activity by caspase 3 assay was devel-
oped following the manufacturer protocol instructions (catalog
no. 550480; BD Biosciences). In order to specifically gate and an-
alyze the expression of caspase 3 in the target cells, these cells
were labeled with DDAO-SE (catalog no. c34553; Invitrogen,
Carlsbad, CA, http://www.invitrogen.com) before the coculture
with the specific CTLs.

BTSC5 Line, Bone Marrow-Derived Normal Stem Cells,
T2 HLA-A*0201, and Caco2 Cells

The brain tumor stemcell line 5 (BTSC5)was generated fromapa-
tient tumor sample in our laboratory and maintained in culture
as described before [4]. BTSC5 CD133-high cells were enriched
from total BTSC5 cells by FACSusing theCD133/2 (293C) antibody
(130-090-854; Miltenyi Biotec). Healthy donor CD133-positive
and -negative bone marrow cells were purchased directly from
AllCells Inc. (Alameda, CA, http://www.allcells.com). The CD133+
colorectal adenocarcinoma cell line, Caco-2, and the T2 HLA-
A*0201 cell lines were purchased from ATCC and maintained in
vitro following ATCC recommendations. BTSC5 and Caco2 cell
lines were confirmed to be HLA-A*0201-positive by flow cytom-
etry using fluorescein isothiocyanate (FITC)- or phycoerythrin-
labeled anti-human HLA-A2 antibody (551285 and 558570,
respectively; BD Pharmingen).

Mouse Immunizations

The mouse 9CB6F1-Tg (HLA-A*0201/H2-Kb) A*0201 transgenic
line obtained from Taconic (Germantown, NY, http://www.
taconic.com) were immunized three times with Mart1a/Ha-Flu
or CD133 peptides emulsified in incomplete Freund’s adjuvant
(IFA) and hepatitis B virus (HBV)-peptide every 2 weeks. Depending
on the treatment group, mice were immunized with a phosphate-
buffered saline (PBS)/ IFA (catalog no. F5506; lot no. 098K8724;
Sigma-Aldrich) emulsion consisting of 50 mg of Mart1a and
100 mg of HA-Flu-positive HLA-A*0201 peptides or 50mg of each
CD133 mouse homolog peptide (CD133-21-753, CD133-22-804
and CD133-24-405) and 140 mg of TH-HBV peptide per injection
of 100 ml. All the peptide stocks were dissolved in dimethyl sulf-
oxideat20mg/ml.After thepeptidePBSmixturewasprepared, the
PBSmixturewas thenmixed at a 1:1 ratiowith IFAusing a Luer-lock
syringe and stopcock. Each mouse was injected with one dose of
100 ml of PBS/IFA emulsion s.c. at the base of the tail using a 25-
gauge needle. PBS control mice were injected with 100 ml of PBS.

Evaluation of Peptide-Specific CD8+ Responses
(Immunogenicity) In Mice

Mice from the PBS control group (n = 10),Mart1a/Ha-Flu-positive
control group (n = 10), and CD133 group (n = 20) were sacrificed 2
weeks after the last immunization. An extra group of 10 mice im-
munizedwithCD133peptideswas sacrificed6weeksafter the last
immunization. At the time of sacrifice, single cell suspensions
were prepared from each mouse spleen and stimulated (25 3
106) in vitro in the presence of peptide and irradiated (2,500 rads)
lipopolysaccharide (LPS) blasts (103 106) as antigen presenting
cells (APCs) in upright 25 cm2 flasks. LPS blasts were prepared by
stimulating spleen cells from untreated 9CB6F1-Tg A*0201 mice
in vitrowith 5mg/ml LPS (Sigma L2387, Lot#: 099K4024) for 3 days
at 37°C. Cultures fromPBS immunizedmicewere stimulatedwith
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5mg/ml ofMart1a, CD133-21-753, CD133-22-804, andCD133-24-
405. Cultures fromMart1a/ Flu-HA immunized mice were stimu-
lated with 5mg/ml of Mart1a and Flu-HA peptides. Cultures from
CD133 immunized mice were stimulated with 5mg/ml of CD133-
21-753, CD133-22-804, and CD133-24-405 peptides.

Peptide-stimulated splenocyte cultures were incubated for 7
days at 37°C in 5% CO2 and each culture was then evaluated for
peptide reactivity in an IFN-g Elispot assay (Mabtech, Knockmore,
Ireland, http://www.mabtech.ie; antibodies AN18 [catalog no.
3321-3-100] and R4-6A2 Biotin [catalog no. 3321-6-1000]). On
day 7, CTL effector cells were harvested and tested at 200,000
and 50,000 effector cells per well in a 96-well flat-bottom plate
precoated with a capture anti-IFN-g monoclonal antibody in
RPMI1640with 10% FBS. Irradiated (2,500 rads) spleen cells from
untreated 9CB6F1-Tg A*0201mice were added as APCs (200,000
cells perwell). Peptideswereaddedat10mg/ml toduplicatewells
and incubated overnight at 37°C,5% CO2. Four wells with no pep-
tide were used for background determination, and duplicate
wells were plated with T cells plus Concanavalin A (ConA)
(2.5 mg/m; catalog no. 5275; Sigma-Aldrich) as positive controls.
Wells were scanned and counted by image analysis at ZellNet Con-
sulting.Unpaired t testanalysiswasusedtoevaluatethesignificance
of the response between peptide and nonstimulated cultures.

RESULTS

Identification of CD133 Peptide Candidates and
Evaluation of Their Immunogenicity

CD133-40, CD133-804, and CD133-753 peptides were selected
from candidate HLA-A*0201-restricted CD133 epitopes gener-
ated using an epitope binding prediction service provided by
ProImmune. Three candidate epitopes, CD133-405, CD133-753,
and CD133-804, showed significant binding affinity to HLA-
A*0201, as well as slow off-rates compared with other potential
CD133 epitopes (Table 1). The immunogenicity of these peptides
was then assessed by evaluating their in vitro capacity to expand
näıve CD8+ T cells using PBMCs from healthy human donors. Au-
tologous MoDCs loaded with the CD133-405, CD133-753, or
CD133-804 were used to prime purified CD8+ T cells from HLA-
A*0201 donors in multiple wells (96-well plates). After four
rounds of weekly expansion, the presence of peptide-specific
CD8+ T cells was determined by IFN-g production in the superna-
tants.Wells showing positive responses were pooled and the fre-
quency of epitope-specific CD8+ T cells was further determined
by IFN-g Elispot. Since epitope CD133-804 did not induce clear
CD8+ T cell responses in most of the donors tested (data not
shown), it was not considered for further analysis. As shown in
Figure 1, CD133-405 and CD133-753 CTLs treated with 5 mg/ml
PHA (positive control wells) showed the highest frequency of
IFN-g producing cells. The number of IFN-g producing cells in re-
sponse to CD133-405 or CD133-753 CTLs was significantly higher
than baseline control wells (CTL plus T2 cells). The results show
that CD133-405 and CD133-753 peptides are immunogenic as
demonstrated by their capacity to produce peptide-specific
IFN-g producing CD8+ T cells. Since successful immunotherapy
would require CD133-specific CTL to kill CD133 tumor expressing
cells, we then tested the capacity of CD133-753 and CD133-405-
specific CTL to kill target cells by chromium release assay. MoDCs
loadedwith the CD133-405 or CD133-753were used to prime pu-
rifiedCD8+ T cells fromHLA-A*0201+ donors inmultiwell (48wells

in 96-well plates). Mart1a tumor-derived peptide was used as
positive control, since there is a high frequency of näıve HLA-
A*0201 CD8+ T cells specific to this epitope in the repertoire of
healthy donors and these cells are capable of killing peptide-
loaded T2 cells [19]. After three rounds of expansion, the killing
capacity of peptide-specific CD8+ T cells was evaluated by chro-
mium release assay. Similarly to the evaluation of immunogenicity
by IFN-g production, wells showing positive responses by 51Cr re-
lease were pooled and the capacity to kill peptide-loaded T2 cells
was further determined by comparing the% lysis at different effec-
tor: target (E:T) ratios. Results from twodifferent donors are shown
in Figure 2. Together the results presented here indicate not only
thatCD133-405-andCD133-753-specificCTLscan recognizespecific
peptide-loaded T2 cells but also that this recognition leads to IFN-g
production and killing of CD133 peptide-loaded target cells.

Detection of CD133 Peptide-Specific CTL With
Tetramers

We next evaluated the immunogenicity of the CD133-405 and
CD133-753 peptides using tetramer staining technology. CD133
peptide-specific CTL were generated from six healthy human
donors as described in materials and methods. Mart1a peptide
was included as a positive control. After three rounds of ex-
pansion, individual wells were screened for the presence of
epitope-specific CD8+ T cells (positive wells) by killing of
peptide-loaded target T2 cells (HT donors) or IFN-g production
(HC donors). In both cases, cells from positive wells were pooled
and analyzed by peptide-specific tetramer staining. As shown
in Figure 3, all donors showed tetramer-specific cells in the
Mart1a-specific CTL. Importantly, CD133-405 and CD133-753
CD8+ T cells could also be efficiently detected using tetramer
staining. In particular, among all donors tested, the CD133-405-
specific CTLs showed a higher frequency of peptide-specific
CD8+ T cells (0.243%–5.940% CD8+ tetramer+ population) than
CD133-753 CTL (0.053%–0.418% CD8+ tetramer+ population).
As shown in Figure 3, CD8+ T cells from a representative donor
before stimulation showed lower tetramer-positive cells than
in stimulated T cell lines, suggesting that the increase in the de-
tection of CD133-405- and CD133-753-specific cells by tetramer
staining is due to the in vitro immunogenicity of the CD133
peptides.

Figure 1. In vitro immunogenicity of CD133-405 and CD133-753
peptides evaluated by IFN-g Elispot. Wells from CD133-753 and
CD133-405 CTL cultures showing IFN-g production were pooled
and seeded (5,000 cells per well) with T2 cells (100,000 cells per well)
in the presence or absence of the indicated peptide. Results show the
number of spots (IFN-g producing cells) as determined by Elispot. Er-
ror bars represent the standard deviation of triplicatewells. Significant
differences between peptide stimulated cultures (CTL + T2 + peptide)
and control wells (CTL + T2) are indicated as follows: p, p = .02; pp,
p, .0001. Abbreviations: CTL, cytotoxic T cell; IFN-g, interferon-g.
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CD133 Peptide-Specific CTLs Recognize CD133+ GBM
Tumor Cells but Not CD133+ Normal BoneMarrow Cells

We showed that CD133-405 and CD133-753 are immunogenic. In
addition, we showed that CD133 peptide-specific CTLs can effi-
ciently recognize peptide-loadedT2 cells and that this recognition
leads to IFN-g production and killing of target cells. However,
a more clinically relevant question would be whether these CTLs
could kill naturally processed CD133 peptides on patient cancer
stem cells. To address this question, the GBM-derived neuro-
sphere cell line (BTSC5) was used as target in a caspase 3 assay.
This assay was used to assess cytotoxicity instead of chromium
release to avoid biased responses due to the different capacity
of the target cells to efficiently incorporate chromium. Since
BTSC5 cells are approximately 5% CD133+ (data not shown),
CD133+ cells were enriched (.90%) from the original population
in order to specifically evaluate the killing of CD133+ expressing
cells. Target cells were seeded at a 20:1 E:T ratio and cultured

overnight. The Caco2 (CD133+) colon cancer cell line and bone
marrow (BM) cells (CD133+ and CD133- fractions; AllCells) from
a healthy donor were included as controls. As shown in Figure 4A,
both CD133-405 and CD133-753 CTLs specifically lysed BTSC5 line
(approximately 30%). Importantly, this killing effect was enhanced
on the enriched BTSC5 CD133+ population (approximately 55%).
The killing effect on CD133+ BM and CD1332 BM populations
was shown to be significantly lower (approximately 8%).

These observations are particularly important in at least two
ways: (a) it strongly implies that CD133-405 and CD133-753 epit-
opes could be naturally processed and presented by GBMCSC tu-
mor cells, and (b) those processed and presented CD133 epitopes
on CSCs can be recognized and killed by both CD133-405- and
CD133-753-specific CTLs. Furthermore, these experiments in-
dicated that both CD133-positive and CD133-negative bone
marrow cells are less sensitive to recognition and killing by
CD133-405 and CD133-753 CTLs. Interestingly, flow cytometry

Figure 2. Cytotoxic activity of peptide-specific CTLs. CD133-405, CD133-753, and Mart1a CTL were generated from donors H14T and H17T.
After the third stimulation, each culture well was evaluated by 51Cr release. Wells showing positive responses were pooled after the fourth
stimulation and seeded with 51Cr-labeled T2 cells as targets (2 3 103 cells per well) in the presence or absence of peptide. The cytotoxicity
activity is expressed as the mean of the percent of specific lysis triggered by the CTL after 4 hours at the indicated CTL:T2 ratios. Error bars
indicate the SD of triplicate wells.

Figure 3. In vitro immunogenicity of CD133-405 and CD133-753 peptides evaluated by tetramer staining. CD133-405, CD133-753, andMart1a
(positive control) CTLs were generated from six healthy donors. After the last stimulation, IFN-g enzyme-linked immunosorbent assay (donors
H14C, H15C, andH16C) or chromium release assay (donors H14T, H16T, andH17T)was performed to screen for the presence of peptide-specific
T cells in each well. Wells showing positive responses were pooled and stained with anti-CD8 and the specific tetramer. The last panel shows
representative ex-vivo staining of peripheral blood mononuclear cells with the tetramers.
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analysis of the CD133 expression on the target populations
revealed that the level of CD133 on GBM BTSC5 CD133+ enriched
population was higher than in BM CD133+ cells (Fig. 4B), probably
explaining the higher sensitivity to killing. In addition, MHC class I
expression was also higher on the GBM BTSC5 CD133+ enriched
populationcomparedwith thebonemarrowCD133+cells fromthis
(Fig. 4B). Together, these results suggest that CD133 and HLA ex-
pression on glioma tumor cells leads to a preferential targeted kill-
ing of this population in comparison with nontumorigenic CD133+
expressing tissues such as healthy bone marrow-derived cells.

CD133-Derived Homolog Mouse Peptides Are
Immunogenic in the HLA-A*0201 Transgenic Mice
Model Without Inducing Autoimmunity

CD133 is expressed on different stem and progenitor cells from
a variety of tissues (reviewed in [20]), raising the possibility that
undesired autoimmunity might be a side effect triggered by
CD133 peptide vaccine therapy. To evaluate the immunogenicity
and the potential for autoimmunity, mouse homolog peptides of
the CD133-405 and CD133-753 epitopes were used to immunize
HLA-A*0201 transgenic mice. These homolog peptides were
shown to strongly bind to HLA-A*0201 (data not shown). Mice
were immunized three times at 3-week intervals and sacrificed
2weeks after the last immunization. An additional groupwas sac-
rificed 6 weeks after the last immunization. Immunogenicity was
evaluated by quantifying the number of IFN-g producing cells by
Elispot in the spleen after in vitro culture for 1weekwith peptide-

pulsed LPS-stimulated APCs. Figure 5 shows the results for repre-
sentative mice. Table 2 shows the percentage of mice showing
positive responses to each of the CD133 peptides and a mixture
ofMart1a/Flu peptides. Of themice immunized with the positive
control antigens (Mart1a and Flu-Ha peptides), 100% showed
responses to Flu and 70% to Mart1a. Interestingly, some level
of response to CD133 peptides was observed in this positive con-
trol group. These responses may be a consequence of a low level
of activation of unrelated (heterologous) T cells as a result of the
inflammatory responses elicited by the adjuvant used in the im-
munization. This highlights the value of using dendritic cells
loaded with peptide as a means of specifically activating the
desired antitumoral T cell populations and avoiding high level
of bystander activation due to adjuvant stimulation. Mice in
the negative control group were negative for CD133 peptides,
whereas in the CD133 treatment group, 33% mice responded
to CD133-405, 30% to CD133-753, and none to CD133-804, con-
firming the results obtained in vitro with PBMCs from healthy
donors. Together, these studies demonstrated the immunogenic-
ity of mouse homolog CD133-753 and -405 peptides in HLA-
A*0201 transgenicmice. To evaluate the autoimmune effect, tox-
icology studies were performed on 10 organs (heart, lung, liver,
kidney, stomach, intestine, brain, bone marrow, gonads, and
eyes) from mice with immune responses (Histo-Scientific Re-
search Laboratories, Frederick,MD, http://hsrl.org). Results from
these studies (data not shown) showed no toxicity or lymphocytic
infiltration in any of these organs, supporting a lack of autoimmu-
nity related to the immune response to these peptides. Together
these studies support the safety and immunogenicity of these
peptides as a potential vaccine to target CD133 cancer stem cells.

DISCUSSION

GBM comprises the most malignant of primary brain tumors and
remains themost prevalent tumor in the CNS [21]. Despite recent
advances in therapeutic modalities, morbidity and mortality
resulting fromGBMhave not significantly improved [22]. Relapse
in GBM, even after total resection, is likely due to residual CSCs in
the brain parenchyma that can resist traditional therapies, includ-
ing surgery, radiotherapy, and chemotherapy. Possibly in combi-
nation with conventional cancer therapies, immunotherapy
targeting GBMCSCs, offers a futuremodality for otherwise incur-
able GBM. In this study, our aimwas to evaluate CD133, known to
beexpressed inGBMCSCs, as a target for vaccine immunotherapy.
We identified two HLA-A*0201-restricted class I CTL epitopes,
CD133-405 (ILSAFSVYV) and CD133-753 (YLQWIEFSI), from the
amino acid sequence of the full-length CD133.

CD133 is one of several proteins that are known to be over-
expressed in GBM CSCs. The exact cellular function(s) of CD133
is not well known; however, its association with resistance to ra-
diation and chemically induced cell death has been well estab-
lished. As a large protein with five transmembrane domains
CD133 may trigger a cascade of intracellular signals to activate
a host of genes that are involved in cellular survival and DNA re-
pair. This appears to be the case, at least in the mouse model,
where CD133 in radioresistant cells triggers phosphorylated ataxia
telangiectasia mutated (ATM) pathways to activate BCL-2 [11],
although the nature of the signal generated by CD133 remains
elusive. These properties of CD133 make it an ideal target for
T cell-mediated immunotherapy. Because of its large size, there
should be a larger number of potential epitopes to be discovered.

Figure 4. Killing and characterization of CD133 expressing cells.
(A): Specific killing of target CD133+ cells. CD133-753 and CD133-405
CTLs from donor H16C were cocultured with the brain tumor-derived
stem cell line BTSC5 or CD133+ enriched BTSC5 cells as targets at
a 20:1 ratio. The CD133+ colon cancer cell line Caco2 and BM CD133+
andCD1332cellswereusedascontrols.Afterovernight incubation, cas-
pase 3 staining was analyzed by intracellular staining. Results show the
percentage of each target cell population expressing caspase 3. (B):
Comparative expression of HLA and CD133 protein. HLA and CD133 ex-
pression was assessed by flow cytometry on the indicated cell popula-
tions.BMCD133+cellswereenrichedfromhumanbonemarrow.BTSC5
cellswere sorted by fluorescence-activated cell sortingbasedonCD133
expression (high or low) and cultured for 2 weeks previous to staining.
Abbreviations: BM, bone marrow; HLA, human leukocyte antigen.

Ji, Judkowski, Liu et al. 361

www.StemCellsTM.com ©AlphaMed Press 2014

http://hsrl.org


Also, because of its expression in radio- and chemoresistant
GBMCSCs in adult brain, immunotherapy can specifically target
those cells that survive radiation and chemotherapy. Other
approaches have also been used to deplete CD133+ cells. A
study using a drug-conjugated antibody showed that the selec-
tive elimination of CD133+ cells can inhibit tumor cell prolifer-
ation in vitro and effectively delay tumor growth in vivo in
a mouse model [16]. However, antibody therapy has the prob-
lem that only a small percentage of antibody can penetrate into
tumor tissue,making antibody therapy less efficacious in vivo. A
recent study used oncolytic measles virus to specifically elimi-
nate CD133+ cells [23]; however, therapy using oncolytic
viruses is still in the early stages of development, and the safety
of the approach is under evaluation.

Figure 5. Immunogenicity of peptides in vivo. Cytotoxic CD8+ T cell lines were generated from splenocytes frommice immunized with CD133
peptides, Mart1a/Flu-HA, or PBS only. After 7 days of in vitro stimulation, the reactivity of the CTLs was tested by IFN-g Elispot. Representative
mice showing positive responses from each immunization group are shown. Imm-CD133-1 and Imm-CD133-2 are two different mice that were
immunized with all CD133 peptide analogs (CD133-21-753, CD133-22-804, and CD133-24-405) as described in Materials and Methods. The
unpaired t test was used for statistical analysis, and significant differences (p , .005) between peptide and control wells (no peptide) are
denoted with an asterisk. Abbreviations: ConA, Concanavalin A; CTL, cytotoxic T cell; IFN-g, interferon-g; Imm, immunized; PBS, phosphate-
buffered saline; Pept., peptide.

Table 2. Immunogenicity of CD133-derived peptides in vivo

Peptides used for in
vitro stimulation

Positive control,
Mart1a/Flu-Ha

Negative control,
PBS only

CD133
peptides

Mart1a 7 (70%) 3 (50%) 0 (0%)
Flu-Ha 10 (100%) ND ND
CD133-405 1 (10%) 0 (0%) 10 (33%)
CD133-753 2 (20%) 0 (0%) 9 (30%)
CD133-804 ND 0 (0%) 0 (0%)

Mice were immunized with Mart1a/Flu-Ha (n = 10), PBS only (n = 6), or
CD133 peptides (n = 30). The results denote the absolute number and
the percentage of mice showing specific responses to the indicated
peptides and in each immunization group. Evaluation of the response
was performed by IFN-g Elispot.
Abbreviations: IFN-g, interferon-g; ND, not determined; PBS,
phosphate-buffered saline.
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The results presented here clearly show that CD133-405 and
CD133-753peptides aredefinedCD133CTLepitopes restrictedby
HLA-A*0201. They bind strongly to HLA-A*0201 and forma stable
peptide-MHC complex compared with other candidate CD133
epitopes and other known HLA-A*0201 immunodominant epito-
pes. Interestingly, among other CD133 CTL epitopes that were
screened, several showed strong binding capacity but did
not form stable MHC-peptide complexes as CD133-405 and
CD133-753 did, which may have rendered these epitopes less
immunogenic. Interestingly, CD133-804 showed strong binding
and a significantly long off-rate and still was shown to be non-
immunogenic. It is then possible to suggest that a low level of
CD133-804precursor T cells exist in thenormal human repertoire,
precluding a substantial expansion using peptide stimulation. Al-
ternatively, there are a comparable number of precursors for
CD133-804 and the immunogenic epitopes CD133-405 and
CD133-753, but since the affinity of the peptide for the HLA mol-
ecule is so high, the T cells became tolerant or deleted because of
specific peptide activation.

Immunogenicity of CD133-405 and CD133-753 was demon-
strated by in vitro induction of CTLs specific for CD133-405 or
CD133-753 using peptide-loaded autologous MoDCs from
healthy HLA-A*0201 donors. In vitro priming and expansion of
these two CD133 peptide-specific CTLs are clearly shown by tet-
ramer staining and by IFN-g Elispot. These studies also showed
that the CD133-405 epitope triggered a stronger immune re-
sponse than CD133-753 epitope.

Killing studies by coculturing CD133-405- or CD133-753-
specific CTLs with peptide-loaded HLA-A*0201 target T2 cells
showed recognition and lysis of epitopebearing target cells. In ad-
dition, these CTLs recognized and lysedGBMtumor cells enriched
for cancer stem cells. This specific recognition and lysis was dose-
dependent and correlatedwith theCD133 expression level on the
target cells. Indeed, lower levels of recognition and killingwas ob-
served with normal bone marrow CD133+ cells consistent with
lower expression of CD133 and MHC class I on these cells (Fig.
4B). Others have reported the low expression of MHC class I on
normal neural stem cells [24], and low or negative expression
on embryonic stem cells from humans [24, 25] or mouse [26],
as well as spermatogonial stem cells [27].

SinceCD133 is alsoexpressed innormal stemcells and tissues,
studies aimed to evaluate the potential for autoimmunity were
performed in transgenic HLA-A*0201 mice that were immunized
with mouse homologs of the CD133-405 and 753 epitopes. Im-
mune responses were observed in these mice without any

apparent autoimmunity. However, it is important to highlight
here that it is unclear at this pointwhether these responseswould
be strongenough tomediate immune rejectionof a tumor. Future
studies using tumor graftswould help to determine the lack of au-
toimmunity in the presence of antitumor activity.

CONCLUSION

This study identifiedHLA-A*0201-restrictedCD133epitopes,CD133-
405 and CD133-753. Unlike other potential CD133 epitopes exam-
ined, these twoepitopeswere strongly immunogenic inPBMCs from
healthy donors and also naturally presented byGBMCSCs lines. Fur-
thermore, studies inHLA-A*0201expressingmiceshowedthat these
epitopes are indeed immunogenic in vivo but do not lead to autoim-
mune responses. Taken together, these results support CD133 as
a suitable CTL target for GBM CSC immunotherapy. Based on these
findings, a phase I trial of adendritic cell vaccineusing theseCTL epit-
opes in recurrent glioblastoma has been initiated.
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